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a  b  s  t  r  a  c  t

Domestic  ducks  are  the second  most  abundant  poultry  species  in  many  Asian  countries  including  Vietnam,
and  play  a critical  role  in  the epizootiology  of  H5N1  highly  pathogenic  avian  influenza  (HPAI)  [FAO].  In
this  study,  we examined  the  protective  efficacy  in ducks  of two  commercial  H5N1  vaccines  widely  used
in Vietnam;  Re-1  containing  A/goose/Guangdong/1/1996  hemagglutinin  (HA)  clade  0  antigens,  and  Re-5
containing  A/duck/Anhui/1/2006  HA  clade  2.3.4  antigens.  Ducks  received  two  doses  of either vaccine  at
7 and  at  14 or 21 days  of  age  followed  by  challenge  at 30 days  of  age  with viruses  belonging  to the  HA
clades  1.1,  2.3.4.3,  2.3.2.1.A  and  2.3.2.1.B  isolated  between  2008  and  2011 in Vietnam.  Ducks  vaccinated
with  the  Re-1  vaccine  were  protected  after  infection  with the  two  H5N1  HPAI  viruses isolated  in  2008
(HA  clades  1.1  and  2.3.4.3)  showing  no mortality  and  limited  virus  shedding.  The  Re-1  and  Re-5  vaccines
conferred  90–100%  protection  against  mortality  after  challenge  with  the  2010  H5N1  HPAI viruses  (HA
clade  2.3.2.1.A);  but vaccinated  ducks  shed  virus for more  than  7 days  after  challenge.  Similarly,  the
Re-1 and  Re-5  vaccines  only  showed  partial  protection  against  the  2011  H5N1  HPAI  viruses (HA  clade
2.3.2.1.A  and 2.3.2.1.B),  with  a high  proportion  of  vaccinated  ducks  shedding  virus  for  more  than  10

days.  Furthermore,  50%  mortality  was  observed  in ducks  vaccinated  with  Re-1  and  challenged  with the
2.3.2.1.B  virus.  The  HA proteins  of the 2011  challenge  viruses  had  the  greatest  number  of  amino  acid
differences  from  the  two  vaccines  as compared  to the  viruses  from  2008  and 2009,  which  correlates  with
the  lesser  protection  observed  with  these  viruses.  These  studies  demonstrate  the  suboptimal  protection
conferred  by  the  Re-1  and  Re-5  commercial  vaccines  in ducks  against  H5N1  HPAI  clade  2.3.2.1  viruses,
and  underscore  the  importance  of  monitoring  vaccine  efficacy  in the  control  of  H5N1  HPAI  in ducks.
. Introduction

The Asian lineage H5N1 highly pathogenic avian influenza
HPAI) viruses continue to circulate and cause great economic
osses in poultry in Southeast Asia, the Middle East and Africa. The
ncidence of H5N1 HPAI infections is monitored globally due to

heir impact on avian health and production, as well as the spo-
adic zoonotic infections that raise pandemic concerns. Since the
rst virus isolation in 1996 from a goose in the Guangdong province
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in China [1,2], H5N1 HPAI viruses have continued to evolve by
point mutations and genetic reassortment events that affect their
antigenicity and other phenotypic characteristics [3–6].

Historically, ducks naturally or experimentally infected with
HPAI viruses developed only subclinical to mild disease [7–10].
A change was recognized beginning in 2002, when many emerg-
ing Asian lineage H5N1 HPAI viruses were shown to cause high
mortality in ducks [11–16] however the reason for this increase
in pathogenicity has not been clearly determined and appears
to be multigenic in nature [17–21]. Although some H5N1 HPAI

viruses can cause severe disease in ducks, a proportion of infected
ducks remain clinically normal, and both sick and asymptomatic
infected ducks shed virus into the environment providing oppor-
tunities for outbreaks in any exposed susceptible avian population.
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he duration and amount of virus shed will depend on many fac-
ors including the ducks’ age and species, and the virulence of the
5N1 HPAI virus strain, with infected surviving ducks commonly

hedding virus for more than seven days [22–24]. Asymptomatic
nfected wild migratory ducks are suspected of contributing to
he spread of H5N1 HPAI viruses from Asia to other parts of the
orld [25–27], whereas free-range and backyard domestic ducks
lay a major role in perpetuating this virus in agricultural systems
nd in nature [23,26,28]. Free-range, as well as backyard domestic
ucks have been associated with disseminating H5N1 HPAI viruses
etween premises [26,29–31]. Given the widespread infection of
aterfowl with H5N1 HPAI viruses in certain parts of the world,

educing the risk of virus infection in domestic ducks is consid-
red crucial for controlling the spread of H5N1 HPAI [23,32–35].
accination can decrease infection rates and reduce viral shedding
mong infected animals, especially when enforcement of biocon-
ainment measures is impractical. However, there is insufficient
nformation on the efficacy of H5N1 HPAI vaccination in domestic
uck species to guide disease control programs.

Vietnam is one of the countries most affected by H5N1 HPAI and
he disease has remained enzootic in poultry since 2003 [36,37].
ietnam has a highly dense domestic duck population which has
een recognized as a primary factor in the spread and persistence of
5N1 HPAI in this country [37–39]. Vaccination of poultry against
5N1 HPAI, including domestic ducks, is part of the disease control

trategy in Vietnam [37]. The Re-1 vaccine was used extensively
o vaccinate poultry in Vietnam but was replaced in 2008 with the
e-5 vaccine, which contained antigens from a more recent field
irus [40]. Despite efforts to control H5N1 HPAI in Vietnam, erad-
cation has not been achieved, due in part to the introduction and
pread of new viruses with distinct antigenic properties. The effi-
acy of vaccines in use should be tested against newly emerging
iruses.

The objective of this study was to examine the protective effi-
acy of two commercial inactivated vaccines used in Vietnam
o vaccinate domestic ducks against H5N1 HPAI. Three similar
xperiments were conducted to assess clinical and virus shedding
utcomes in Re-1 or Re-5-vaccinated ducks challenged with dif-
erent H5N1 HPAI viruses isolated in Vietnam in 2008, 2010 and
011.

. Materials and methods

.1. Viruses and vaccines

The following H5N1 HPAI viruses were obtained from
he National Center for Veterinary Diagnosis, Vietnam,
nd the Centers for Disease Control and Prevention, GA:
/chicken/Vietnam/NCVD-117/2008 (VN117/08) (HA clade
.1), A/chicken/Vietnam/NCVD-185/2008 (VN185/08) (HA clade
.3.4.3); A/chicken/Vietnam/NCVD-398/2010 (VN398/10) (HA
lade 2.3.2.1.A), A/chicken/Vietnam/NCVD-421/2010 (VN421/10)
HA clade 2.3.2.1.A); A/chicken/Vietnam/NCVD-675/2011
VN675/11) (HA clade 2.3.2.1.A) and A/duck/Vietnam/NCVD-
72/2011 (VN672/11) (HA clade 2.3.2.1.B). The commercial

nactivated H5N1 Re-1 and Re-5 vaccines, previously and currently
sed in Vietnam, produced by Harbin Veterinary Research Institute
People’s Republic of China) were used to vaccinate the ducks.
he Re-1 and Re-5 viruses were produced by reverse genetics
o remove the polybasic amino acid cleavage site of HA. The HA
nd NA genes of Re-1 were from A/goose/Guangdong/1/1996

HA clade 0), and those of Re-5 were from A/duck/Anhui/1/2006
HA clade 2.3.4) [40]. All experiments using H5N1 HPAI viruses
ere performed in biosecurity level-3 enhanced facilities at the

outheast Poultry Research Laboratory (SEPRL).
 (2013) 4953– 4960

2.2. Animal experiments

Three similar experiments were conducted (Table 1). Pekin
ducks (Anas platyrhynchos var. domestica)  were obtained at one day
of age from a commercial hatchery. Serum samples were collected
from 15 ducks in each experiment to ascertain that the birds were
serologically negative for antibodies to the NP protein of influenza
A viruses as determined by the commercial ELISA test FlockCheck
AI (Idexx Laboratories, Westbrook, ME). One-week-old ducks (10
ducks/group) were vaccinated subcutaneously in the nape of the
neck with 0.5 ml  of Re-1 or Re-5 vaccine. An identical second vac-
cine dose was  given at 14 days of age (experiment I) or at 21 days
of age (experiments II and III). These vaccination schedules were
based on our previous studies to evaluate responses with two  doses
of vaccine given before one month of age [41,42]. Additional groups
of six to nine ducks in each experiment were not vaccinated and
served as challenge controls. At 30 days of age, blood samples were
collected, and all ducks were inoculated intranasally with 105.0

EID50 of the different H5N1 HPAI challenge viruses. Ducks were
observed daily for clinical signs and mortality. Oropharyngeal and
cloacal swabs were collected at different days post challenge (dpc)
for determining viral shedding. At the end of the experiments (9
dpc for experiment I; 15 dpc for experiment II; 10 dpc for experi-
ment III) blood was  collected from all surviving ducks for antibody
assays and ducks were euthanized by injection of sodium pento-
barbital (5 g/ml). All bird experiments were approved by the SEPRL
Institutional Animal Care and Use Committee.

2.3. Serology

Hemagglutination inhibition (HI) tests were performed to deter-
mine antibody responses against vaccine and virus challenge in the
serum samples collected before challenge and at 9, 15 and 10 dpc
[43]. A/goose/Hong Kong/437-6/1999 (H5N1) and A/Anhui/1/2005
(H5N1) were used as HI antigens, serving as surrogate for the
homologous viruses from the Re-1 and Re-5 vaccines which are
not available from the manufacturer. HI titers are reported as log2
values, with 3 log2 being the minimum titer considered as positive.

2.4. Determination of virus shedding

Oropharyngeal and cloacal swabs were collected in sterile brain
heart infusion medium and kept frozen at −70 ◦C. Viral RNA was
extracted using Trizol LS reagent (Invitrogen, Calsbad, CA) and
the MagMAX AI/ND Viral RNA Isolation Kit (Ambion, Austin, TX)
[44]. Quantitative real time RT-PCR (qRT-PCR) was performed
as previously described [45] with modifications. Briefly, qRT-PCR
targeting the influenza M gene was  conducted using AgPath-ID
one-step RT-PCR Kit (Ambion) and the ABI 7500 Fast Real-Time
PCR system (Applied Biosystems, Calsbad, CA). A reverse primer
specifically redesigned for these Vietnam H5N1 viruses was used
(5′-TCCTGCAAAGACATCTTCAAGTTTCTGCG-3′). For viral quantifi-
cation, a standard curve was  established with viral RNA extracted
from the same titrated challenge virus [41]. Results were reported
as EID50/ml  equivalents and the detection limit for calculated
results was 101.5 EID50/ml  per reaction.

2.5. HA gene sequencing and phylogenic analysis

HA gene sequencing was performed as previously described
[18] with modifications. The HA genes were amplified using a
One-Step RT-PCR Kit (Qiagen, Valencia, CA) with specific HA

primers described previously [18]. The RT-PCR products were
purified using QIAquick gel extraction Kit (Qiagen) after agarose
gel electrophoresis. Sequencing was  performed with HA gene
specific primers (available upon request) using the ABI BigDye
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Table 1
Morbidity, mortality and mean death time of ducks vaccinated using Re-1 or Re-5 vaccines and challenged with different H5N1 HPAI viruses.

Experiment Groups Morbidity Mortality Mean death
time (days)

Vaccine Challenge

I Non-vaccinated VN/117/08a 9/9 9/9 5.1A

VN/185/08b 8/8 8/8 4.5A

Re-1 vaccinated VN/117/08 0/10e 0/10e – B

VN/185/08 1/10e 0/10e – B

II Non-vaccinated VN/398/10c 8/8 8/8 5.4A

VN/421/10 c 8/8 8/8 4.0A

Re-1 vaccinated VN/398/10 0/10e 0/10e – B

VN/421/10 0/10e 0/10e – B

Re-5 vaccinated VN/398/10 3/10e 0/10e – B

VN/421/10 1/10e 1/10e 7.0B

III Non-vaccinated VN/675/11 c 2/6 2/6 6.0A

VN/672/11d 6/6 6/6 3.5A

Re-1 vaccinated VN/675/11 1/10 0/10 – A

VN/672/11 5/10 5/10 5.4A

Re-5 vaccinated VN/675/11 0/10 0/10 – A

VN/672/11 0/10e 0/10e – B

a HA clade 1.1.
b HA clade 2.3.4.3.
c HA clade 2.3.2.1.A.
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d HA clade 2.3.2.1.B; – = not applicable.
e Significant difference in number of birds presenting morbidity and mortality

ppercase letters denote significant difference for survival when compared to the n

erminator 1.1 reaction mix  and the ABI 3730XL automated
NA sequencer (Applied Biosystems). The sequence of the vac-
ine seed viruses was obtained from GenBank and/or GISAID
atabases. The gene and protein sequence from each virus was
ompared with the vaccine virus sequence using DNASTAR
rogram (Madison, WI)  and BioEdit. Phylogenetic trees were
onstructed by neighbor-joining analysis of HA gene nucleotide
lignments using MEGA5. The GISAID accession numbers for the HA
equences of the challenge viruses are: A/chicken/Vietnam/NCVD-
85/2008: EPI284451; A/chicken/Vietnam/NCVD-117/2008:
PI284449; A/chicken/Vietnam/NCVD-398/2010: EPI284468;
/chicken/Vietnam/NCVD-675/2011: EPI405128 A/chicken/
ietnam/NCVD-421/2010: EPI284470; and A/duck/Vietnam/
CVD-672/2011: EPI330995.

.6. Statistical analysis

Data was analyzed using Prism v.501 software (GraphPad Soft-
are Inc., La Jolla, CA, USA). The survival rate data was  analyzed
sing the Mantel–Cox Log-Rank test. Morbidity, mortality, and
umber of birds shedding virus were tested for statistical signifi-
ance using Fisher’s exact test. Significant difference for mean viral
iters between vaccinated groups and non-vaccinated controls was
one using the unpaired t test. A P-value of <0.05 was  considered
o be significant.

. Results

.1. Protective efficacy of H5N1 vaccines: morbidity and
ortality outcomes

Five of the six H5N1 HPAI viruses used to challenge vaccine
mmunity in ducks were lethal for non-vaccinated control ducks,
xcept with the VN 675/11 virus (HA clade 2.3.2.1.A) in experi-
ent III. This virus caused 33% mortality with a mean death time
MDT) of 6 days (Table 1). The most prominent clinical signs in
on-vaccinated H5N1-challenged ducks were lethargy, anorexia,
rostration, and neurological signs, similar to previous reports
16,17]. The survival of the vaccinated and non-vaccinated ducks is
ared to non-vaccinated group; Fisher’s exact test, P < 0.05. Different superscript
ccinated group (Log rank) Mantel–Cox test. P < 0.05.

shown in Supplementary Fig. 1. The mortality of ducks vaccinated
with Re-1 and Re-5 and challenged with viruses from 2008 and
2010 was significantly reduced when compared to non-vaccinated
ducks (P < 0.05). These ducks were significantly protected against
H5N1 HPAI with minimal mortality and clinical signs (transient
mild lethargy and anorexia). In contrast, the Re-1-vaccinated
ducks were only partially protected from A/VN/672/11 (HA clade
2.3.2.1.B) virus challenge; these animals developed clinical signs
similar to those of non-vaccinated controls, and 50% of the ani-
mals died with a MDT  of 5.4 days. However, Re-5-vaccinated ducks
challenged with VN/672/11 were fully protected against mortality
and clinical signs. Re-1 or Re-5-vaccinated ducks challenged with
VN/675/11 (HA clade 2.3.2.1.A) did not show clinical signs or mor-
tality, but this was not significantly different than what seen with
the non-vaccinated controls.

3.2. Serum antibody responses to vaccination and infection

Serological responses to vaccination and virus challenge were
assessed by HI assays which detect antibodies specific to the HA
glycoprotein (Fig. 1). The majority of vaccinated ducks developed
pre-challenge HI titers (≥4 log2) when using the vaccine virus
antigen in the test (surrogate homologous virus), indicating most
vaccinated ducks seroconverted. However, some vaccinated ducks
had HI titers under the limit considered positive (≤3 log2). The anti-
body response to the challenge viruses (heterologous virus relative
to the vaccine) measured on samples collected before challenge,
revealed differential HI responses; 100% of Re-1-vaccinated ducks
showed cross HI responses to the VN 117/08 (HA clade 1) virus anti-
gen with 5 mean log2 titer, in contrast, only one duck from the group
challenge with the VN 185/08 (HA clade 2.3.4) was  positive. Lower
levels of HI cross reactivity was  observed with samples from Re-1-
vaccinated ducks where 0–50% were positive when using the 2010
and 2011 viruses in the test (HA clade 2.3.2.1) and ducks vaccinated
with Re-5 were 0–70% positive. As expected, high post-challenge

titers were observed in more than 80% of the vaccinated challenged
ducks that survived in all three experiments when using the vaccine
virus in the HI tests (≥7log2). 80–100% of the vaccinated challenged
ducks that survived had positive titers when using the challenge
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Fig. 1. Mean HI titer (log2) in Re-1 or Re-5 vaccinated-challenged ducks. Duck were
vaccinated with the Re-1 or Re-5 vaccines two  times, at the one week of age and 7
or  14 days later. Serum was collected at 30 days of age, before challenge, and 9–15
days post-challenge to examine the antibody responses. The number of ducks with
positive HI titer is shown above each group [number of positive sera (≥3 log 2)/total
number of sera tested]. Bars represent standard deviation within groups.
 (2013) 4953– 4960

virus in the HI tests (≥4log2) indicating exposure and replication of
the challenge viruses.

3.3. Protective efficacy of H5N1 vaccines: virus shedding
outcomes

Virus shedding was  monitored by quantification of viral RNA
in oropharyngeal and cloacal samples collected at different time
points after virus challenge. Limited virus shedding was noted at
3 and 5 dpc in ducks vaccinated with Re-1 and challenged with
either of the two  H5N1 HPAI viruses from 2008 (Table 2). Signifi-
cantly less number of vaccinated ducks were shedding virus, and
in less quantity, when compared to the non-vaccinated controls at
3 dpc. No virus shedding was detected at 7 dpc from any of the vac-
cinated ducks. In contrast, 40–60% of ducks vaccinated with Re-1
and challenged with either one of the 2010 viruses were still shed-
ding at 7 dpc (Table 3). The Re-5 conferred more effective protection
against 2010 viruses, with only 10–20% of ducks shedding at this
time point. Of note, 40–90% of ducks vaccinated with Re-1 or Re-5
and challenged with the VN 675/11 virus were still shedding virus
at 10 dpc (Table 4). 50–100% of ducks vaccinated with either vac-
cine and challenged with the VN/672/11 virus were still shedding
virus at 10 dpc. Nonetheless, the vaccines significantly reduced the
amount oropharyngeal virus shedding when compared to controls.

3.4. Amino acid changes in the HA sequences of challenge viruses

The HA gene sequences of the two  vaccines were compared with
those from the H5N1 HPAI challenge viruses to determine the sim-
ilarity among them (Table 5; Supplemental Table 6). The challenge
viruses were isolated in different years and belong to different HA
clades or subclades (Supplemental Fig. 2). The viruses isolated in
2008, HA clades 1.1 and 2.3.4.3, showed 94.6% and 94.5% amino acid
(aa) similarity with the Re-1 vaccine and had 22 aa changes in the
mature HA1 proteins but only 21 or 3 substitutions, respectively,
compared to Re-5. The viruses from 2010, both HA clade 2.3.2.1.A,
showed 92.1% and 92.3% aa similarity with the Re-1 vaccine (31 and
32 aa in HA1) and 94.5% and 94.4% with the Re-5 vaccine (21 and 22
aa in HA1). The viruses from 2011, HA clade 2.3.2.1.A and 2.3.2.1.B,
showed the least similarity with the vaccines, 92.4% and 91.6% with
Re-1 (30 and 40 HA1 substitutions, respectively), and 94.9% and
93.1% with Re-5 (21 and 35 HA1 substitutions, respectively). The
aa differences between the vaccines and challenge viruses HA were
mostly found in the HA1 subunit protein region with a high pro-
portion of these occurring in previously described antigenic sites.
In addition to these substitutions, several changes between vac-
cine strains and challenge viruses were predicted to result in gain
or loss of N-linked glycosylation at position 154–156. Relative to
Re-1, clade 2.3.4 and 1.1 viruses possess a putative gain in glyco-
sylation. Relative to Re-5, the clade 2.3.2.1 viruses demonstrate a
loss of glycosylation. The lowest aa similarity (91.6%) and largest
number of HA1 substitutions was  found between the Re-1 vaccine
and the VN 672/11 virus, this combination also showed the least
protection in vaccinated ducks.

4. Discussion

In this study we  examined the protective efficacy of two com-
mercial inactivated vaccines in domestic ducks against infection
with increasingly divergent H5N1 HPAI viruses isolated in Viet-
nam in 2008, 2010 and 2011. Despite control efforts, H5N1 HPAI
viruses continue to circulate in Vietnam within various poultry

populations, including domestic ducks. Introduction of new H5N1
genotypes as well as local evolution of viruses through mutation
and reassortment continue to occur [6,46]. In the present study,
we used viruses belonging to different HA clades and all, with the
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Table 2
Experiment I, virus shedding. Ducks were vaccinated with the Re-1 vaccine and challenged with VN117/08 or VN/185/08 H5N1 HPAI viruses.

Groups Virus titers from swabs collected at different days post-challenge (dpc) # of positive ducks/total ducksa

(Mean titer ± SD)b

Vaccination Challenge virus 3 dpc 5 dpc 7 dpc
OPc Cd OP C OP C

Non-vaccinated VN 117/08 9/9 (4.7 ± 0.3)A 6/9 (2.0 ± 0.5)A – – – –
Re-1  VN 117/08 3/8e (2.4 ± 1.2)B 0/8e (–)B 4/10 (2.2 ± 1.4) 3/10 (1.5 ± 0.8) 0/10 (–) 0/10 (–)
Non-vaccinated VN 185/08 8/8 (4.9 ± 1.0) A 7/8 (2.7 ± 0.8)A – – – –
Re-1  VN 185/08 2/10e (2.5 ± 1.7)B 1/10e (2.7) B 1/10 (1.6 ± 0.6) 0/10 (1.0 ± 0.1) 0/10 (–) 0/10 (–)

a Swab samples were taken from all ducks remaining at each day post-challenge.
b Log10 EID50-equivalents were determined by qRT-PCR, numbers in parenthesis represent the mean of the viral titers ± standard deviation.
c Oropharyngeal swabs.
d Cloacal swabs; – = not applicable.
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e Significant difference for number of positive ducks by qRT-PCR compared to n
ifference for mean viral titers between vaccinated and non-vaccinated groups, P < 

alue  of 1.5 Log10 EID50-equivalents.

xception of one of the 2011 viruses, caused severe clinical signs
nd mortality in non-vaccinated control ducks. The high virulence
f H5N1 HPAI viruses in young domestic ducks has been previously
eported and is not exclusive to a specific HA clade [16,47].

Many studies have shown that inactivated whole virion oil-
djuvanted vaccines are effective in protecting domestic ducks
gainst H5N1 HPAI [41,42,48–52]. The efficacy of vaccines is a key
actor in the success of control programs which rely on them to
educe virus spread. From 2005–2009, 90% of the national domes-
ic duck and 50% of national chicken populations in Vietnam were
accinated against H5N1 and the majority of outbreaks reported
n 2005–2009 were in non-vaccinated ducks [37]. However, more
ecently, reports have emerged in H5N1 enzootic countries of vac-
inated poultry flocks with outbreaks of HPAI [53]. Our studies
emonstrate that the efficacy of two inactivated vaccines routinely
sed in Vietnam, Re-1 and Re-5 to protect ducks against H5N1
PAI varied depending on the virus used for challenge. Ducks vacci-
ated with Re-1 were well protected when challenged with viruses

rom 2008. A decrease in protection, however, was  observed in
ucks vaccinated with Re-1 or Re-5 and challenged with the viruses
rom 2010 and 2011, with a substantial proportion of ducks having
rolonged virus shedding, and in the case of A/VN/672, some mor-
ality. Most ducks showed detectable HI titers after the prime-boost
accine regimen, indicating that vaccination stimulated humoral
ntibody responses to the surrogate homologous virus. HI titers to
he challenge virus antigens were also observed, albeit lower than

he homologous viruses; however, these titers were not always
ssociated with protection conferred by vaccination. Lack of anti-
odies detected by HI in vaccinated birds is not a predictor of

able 3
xperiment II, virus shedding. Ducks were vaccinated with Re-1 or Re-5 vaccine and chal

Groups Virus titers from swabs collected at different d

Vaccination Challenge virus 3 dpc 5 d

OPc Cd OP

Non-vaccinated VN 398/10 8/8 (5.9 ± 0.4)A 8/8 (3.7 ± 0.5)A 5/
Re-1 ′′ 8/10 (3.8 ± 1.0)B 9/10 (3.5 ± 1.6)A 8/
Re-5 ′′ 8/10 (3.2 ± 1.1)B 5/10e (2.5 ± 0.2)B 4/

Non-vaccinated VN 421/10 5/5 (6.2 ± 0.5)A 5/5 (4.0 ± 0.7)A 3/
Re-1 ′′ 10/10 (3.7 ± 1.2)B 10/10 (3.1 ± 0.4)A 3/
Re-5 ′′ 9/10 (3.2 ± 1.8)B 6/10 (2.2 ± 0.4)B 3/

a Swab samples were taken from all ducks remaining at each day post-challenge.
b Log10 EID50-equivalents were determined by qRT-PCR, numbers in parenthesis repres
c Oropharyngeal swabs.
d Cloacal swabs.
e Significant difference for number of positive ducks by qRT-PCR compared to non-va

ifference for mean viral titers between vaccinated and non-vaccinated groups, P < 0.05. F
alue  of 1.5 Log10 EID50-equivalents.
ccinated group, P < 0.05. Different superscript uppercase letters denote significant
or statistical purposes all swabs without viral RNA detection were given a numeric

the complete lack of immunity, as previously reported [41,48,54].
Assays that better correlate the immune response to vaccination
with the outcomes of infection with wild type viruses are urgently
needed [55].

The HA of the 2008 H5N1 HPAI viruses had the highest aa
similarity with the Re-1 vaccine HA sequence, consistent with pre-
vious reports indicating that HA similarity between vaccine and
challenge virus is often associated with higher vaccine efficacy.
Interestingly, VN 117/08 and VN 185/08 belong to clade 1.1 and
2.3.4.3, respectively, but the ducks were equally well protected
after vaccination with the Re-1 vaccine (HA clade 0). These results
recapitulate our previous findings showing that the Re-1 vaccine
protected ducks against morbidity when challenged with H5N1
HPAI viruses isolated in Vietnam 2005 and 2007 with heterologous
HA clades [41,42,48]. These studies underlined the importance of
antigenic similarity between the vaccine and the virus challenge
on the protective efficacy in ducks, but also highlighted the impor-
tance of other factors such as the vaccination regimen, the duck
species and the virulence of the challenge virus used.

Despite protection against morbidity and mortality, a large pro-
portion of vaccinated ducks challenged with the 2010 and 2011
H5N1 HPAI viruses were shedding virus and for longer periods, sug-
gesting inadequate protection. Although the Re-5 is a more recently
updated vaccine, it did not provide superior protection to one of the
clade 2.3.2.1 (group B) viruses (VN/672/11). While the Re-5 vaccine
had a greater similarity to the clade 2.3.4 viruses circulating in Viet-

nam until 2010, these viruses were suddenly replaced by the new
clade 2.3.2.1 viruses. Consequently, the replacement of Re-1 with
Re-5 vaccine (clade 2.3.4) in Vietnam did not meet the objective

lenged with VN395/10 or VN421/10 H5N1 HPAI viruses.

ays post-challenge (dpc) # of positive ducks/total ducksa (Mean titer ± SD)b

pc 7 dpc

 C OP C

5 (5.5 ± 0.5)A 5/5 (3.8 ± 0.4)A 3/3 (4.4 ± 0.8)A 3/3 (3.3 ± 0.5)A

10 (3.0 ± 0.6)B 8/10 (3.0 ± 0.8)A 6/10 (2.5 ± 0.3)B 4/10e (2.2 ± 0.5)B

10e (2.3 ± 0.5)B 2/10e (2.3 ± 0.3)B 2/10e (1.8 ± 0.7)B 2/10e (2.2 ± 0.1)B

3 (5.6 ± 0.3)A 3/3 (4.5 ± 1.3)A 1/1 (4.6)A 1/1 (3.9) A

10 (2.4 ± 0.1)B 4/10e (2.5 ± 0.3)B 2/10 (2.1 ± 0.4)B 4/10e (2.3 ± 0.2)B

10 (2.4 ± 0.1)B 5/10 (2.4 ± 0.3)B 1/10 (1.9)B 1/10 (2.0)B

ent the mean of the viral titers ± standard deviation.

ccinated group, P < 0.05. Different superscript uppercase letters denote significant
or statistical purposes all swabs without viral RNA detection were given a numeric
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Table 5
HA sequence similarity between commercial vaccines and challenge viruses.

Experiment Viruses Amino acid similarity (%)

Re-1 A/goose/
Guangdong/1/1996
(HA clade 0)

Re-5 A/duck/
Anhui/1/2006
(HA  clade 2.3.4)

I A/Chicken/Vietnam/
NCVD-117/2008 (HA
clade 1.1)

94.6 95.2

A/Chicken/Vietnam/
NCVD-185/2008 (HA
clade 2.3.4.3)

94.5 98.9

II  A/Chicken/Vietnam/
NCVD-398/2010 (HA
clade 2.3.2.A)

92.1 94.5

A/Chicken/Vietnam/
NCVD-421/2010 (HA
clade 2.3.2.A)

92.3 94.4

III  A/Chicken/Vietnam/
NCVD-675/2011 (HA
clade 2.3.2.A)

92.4 94.5

A/duck/Vietnam/ 91.6 93.1

NCVD-672/2011 (HA
clade 2.3.2.B)

of matching the vaccine antigenic characteristics to the predomi-
nant viruses circulating in 2011 (clade 2.3.2.1). In late 2012 a new
H5N1 vaccine seed strain was  licensed, Re-6, which is based on a
2.3.2.1 clade virus and closer genetically to the 2.3.2.1 H5N1 viruses
circulating in Vietnam in 2011.

The effectiveness of vaccines in preventing infection, disease,
and transmission of antigenically divergent viruses has not been
extensively studied in domestic ducks. Previous reports in chickens
with H5N2 avian influenza have shown that HA sequence similarity
between the vaccine and challenge virus directly relates with the
ability of the vaccine to reduce virus shedding [56–58]. Other stud-
ies showed that when the vaccine and the challenge virus belong to
same H5N1 subtype, and expected to have high HA homology, vac-
cinated ducks were completely protected against challenge virus
[49,51,54]. However, other studies revealed that genetically more
distant vaccines can also protect ducks against infection with H5N1
viruses [35,48,52]. Although there is a correlation between genetic
and antigenic distance, it is also possible that specific genetic differ-
ences of as little as a single aa can lead to a substantial difference in
antigenic distance [59]. Other variables including host differences,
vaccination schedules, and the use of different adjuvants, can also
affect the protection conferred by vaccines.

5. Conclusion

In this study, we  showed clear differences in vaccine efficacy in
protecting domestic ducks against H5N1 HPAI viruses circulating in
Vietnam. A suboptimal protection was observed in the vaccinated
ducks challenged with the 2010 and 2011 viruses. HA sequence
similarity between the vaccines and the challenge viruses corre-
lated with the vaccine efficacy in this study. To ensure adequate
protection of domestic ducks against constantly changing H5N1
HPAI field strains, routine vaccine efficacy testing is required.
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